Although circulating hormones and inhibitory gamma-aminobutyric acid (GABA)-related factors are known to affect mood, considerable knowledge gaps persist for biological mechanisms underlying the female bias in mood disorders. Here, we combine human and mouse studies to investigate sexual dimorphism in the GABA system in the context of major depressive disorder (MDD) and then use a genetic model to dissect the role of sex-related factors in GABA-related gene expression and anxiety-/depressive-like behaviors in mice. First, using meta-analysis of gene array data in human postmortem brain (N = 51 MDD subjects, 50 controls), we show that the previously reported down-regulation in MDD of somatostatin (SST ), a marker of a GABA neuron subtype, is significantly greater in women with MDD. Second, using gene co-expression network analysis in control human subjects (N = 214; two frontal cortex regions) and expression quantitative trait loci mapping (N = 170 subjects), we show that expression of SST and the GABA-synthesizing enzymes glutamate decarboxylase 67 (GAD67 ) and GAD65 are tightly co-regulated and influenced by X-chromosome genetic polymorphisms. Third, using a rodent genetic model [Four Core Genotypes (FCG) mice], in which genetic and gonadal sex are artificially dissociated (N ≥ 12/group), we show that genetic sex (i.e., X/Y-chromosome) influences both gene expression (lower Sst, Gad67, Gad65 in XY mice) and anxiety-like behaviors (higher in XY mice). This suggests that in an intact male animal, the observed behavior represents the outcomes of male genetic sex increasing and male-like testosterone decreasing anxiety-like behaviors. Gonadal sex was the only factor influencing depressive-like behavior (gonadal males < gonadal females). Collectively, these combined human and mouse studies provide mechanistic insight into sexual dimorphism in mood disorders, and specifically demonstrate an unexpected role of male-like factors (XY genetic sex) on GABA-related genes and anxiety-like behaviors.
INTRODUCTION
Major depressive disorder (MDD) and anxiety disorders are devastating, often chronic illnesses of altered mood regulation. These disorders affect a significant portion of the population, with a projected lifetime risk of ∼23% for MDD and ∼32% for an anxiety disorder (1) . Although MDD and anxiety disorders are different diagnoses, they are included in the broader definition of mood disorders and findings from large-scale epidemiological studies across cultures show high comorbidity and co-segregation within the symptom dimension of high negative affect (i.e., internalization) (2) (3) (4) . MDD and anxiety disorders also share common genetic risk (5) , and symptom remission is observed in both conditions after chronic treatment with selective serotonin reuptake inhibitors, together suggesting the presence of common contributing biological factors. Women are twice as likely to be diagnosed with MDD or an anxiety disorder, and anxiety symptoms are almost always co-morbid with MDD in women, making the two difficult to separate.
Adult hormone levels are linked to mood states, particularly in relation to premenstrual dysphoric disorder and postpartum depression (6) . Rodent studies report links between circulating hormone levels ("activational" hormone effects) and anxiety-/depressive-like behaviors (7) , although systematic reviews of human studies do not report consistent associations (8) . MDD prevalence is higher in women across life stages and hormonal states, indicating that structural or biological differences other than adult circulating hormones place women at higher risk. Indeed, permanent sexual dimorphism of the brain is established by gonadal hormone exposure during critical developmental periods ("organizational" effects) and sex chromosome effects ("genetic" sex). Thus, sexual dimorphism in mood disorders could be due to (i) activational effects of hormones in adulthood, (ii) organizational effects of hormones during development (due to different gonadal sex), (iii) differences in genetic sex, and/or (iv) a combination of the above factors. We recently reported a partial contribution of developmental hormone exposure to sexual dimorphism in adult anxiety-/depressive-like behavior (referred to as behavioral emotionality) in mice (9) , suggesting that an alternative sex-related mechanism, potentially genetic sex, also influences emotionality. Even though genetic sex has a predominant role during development in determining gonadal sex, contributions of X/Y-linked genes are ongoing throughout life.
Evidence from neuroimaging and postmortem neuroanatomical and molecular studies suggest dysfunction in corticolimbic emotion regulation centers of the brain in mood disorders (10) . This corticolimbic network includes the dorsolateral prefrontal cortex (DLPFC), anterior cingulate cortex (ACC), hippocampus, ventral striatum, anterior thalamic nuclei, and amygdala (10, 11) . Magnetic resonance spectroscopy studies reported decreased cortical gamma-aminobutyric acid (GABA) content in MDD (12) and correlation with emotional processing (13) , while molecular studies further suggest reduced GABA-mediated inhibition (14) (15) (16) . Additionally, drugs that potentiate GABA function (e.g., benzodiazepines) are anxiolytic (17) . Together these studies support the hypothesis of a deficit in inhibitory neurotransmission in MDD, potentially related to low mood. These human findings are supported by causal studies in mice, where mild reduction in GABA-signaling is sufficient to induce anxiety-/depressive-like behaviors (18) . Interestingly, many studies have suggested that hormones modulate mood by altering GABA transmission (19), suggesting a potential link between sexual dimorphism in GABA function and in risk for mood disorders. In human MDD subjects, the amygdala (16) , ACC (20, 21), and DLPFC (22) exhibit lower markers of GABA interneurons, especially somatostatin (SST ), a marker for the subtype of GABA neurons that target the dendritic compartment of pyramidal cells. Notably, reports of low SST in MDD are often more robust in females (16, 21) . In concert, these findings suggest a GABA/SST -related cellular phenotype of reduced dendritic inhibition in depression.
We tested here the hypothesis that genetic sex influences sexual dimorphism in emotionality and associated gene expression. Specifically, using both human postmortem brains and a mouse model which can dissociate the relative contributions of gonadal and genetic sex, we examined the possibility that genetic sex controls expression of GABA-related genes and associated anxietyand depressive-like behaviors.
MATERIALS AND METHODS

HUMAN SUBJECTS
Brain samples were obtained after consent from next-of-kin during autopsies conducted at the Allegheny County Medical Examiner's Office (Pittsburgh, USA) using procedures approved by University of Pittsburgh's Institutional Review Board and Committee for Oversight of Research Involving the Dead. Consensus DSM-IV diagnoses were made by an independent committee of experienced clinical research scientists using information from clinical records, toxicology results, and a standardized psychological autopsy (23).
META-ANALYSIS OF SST GENE EXPRESSION IN MDD DATASETS
Subjects
A total of 51 subjects with MDD and 50 control subjects were included in the eight studies. DLPFC, subgenual ACC (sgACC), or rostral amygdala samples enriched in lateral, basolateral, and basomedian nuclei had been previously collected. Two studies were performed in DLPFC, four studies in sgACC, and two studies in amygdala. Half of the studies had been performed in female subjects in each brain region. Details on all subjects, areas investigated, and subject parameters are available in Table 1 . Group means for age, postmortem interval (PMI), RNA integrity number (RIN; measured by Agilent Bioanalyzer; Santa Clara, CA, USA), and brain pH were nearly identical and not statistically different for all studies. Details on each cohort were previously reported [DLPFC (22), sgACC (21), amygdala (16) ].
Quantitative real-time PCR validation of microarray meta-analysis
Quantitative real-time PCR (qPCR) results for SST from individual published studies on the DLPFC (22), sgACC (20, 21), amygdala (16) were combined by Stouffer's Z-trend meta-analysis. Briefly, mean SST expression in control subjects was set at 100% expression, and mean SST expression in MDD subjects was expressed as a percentage of control expression. To calculate the mean and standard error for SST across areas, the weighted averages (based on N in each study) for each study were combined. Meta P software (24) was then used to combine p-values for each individual study. Stouffer's Z-trend p-values are reported, which take into account p-values, the sample size of each individual study and the direction of effect.
GENE NETWORKS AND EXPRESSION QUANTITATIVE TRAIT LOCI
Subjects
A total of 214 control individuals (no DSM-IV diagnosis) were used in this study (see Table 2 for technical variables of cohort). Upon brain collection, ∼2 cm coronal blocks from the right hemisphere were cut through the rostro-caudal extent of the brain and stored at −80°C. The RIN of each brain was assessed by chromatography (Agilent Bioanalyzer; Santa Clara, CA, USA). Samples were obtained from two prefrontal cortex regions: Brodmann areas (BA) 11 and 47. Detailed information on gene arrays, expression measures, and genotyping is included in Appendix.
Functional and network analysis using Ingenuity Pathway Analysis
For BA11 and BA47 separately, Pearson correlation values were calculated between SST and each transcript examined by microarray. These correlation with SST values were highly similar across regions (R > 0.95), thus the brain region-specific correlation values were averaged to get correlation with SST across brain regions. Analysis was performed for the top 200 genes positively correlated with SST (R > 0.725) in the gene expression dataset from 214 control subjects (no DSM-IV diagnosis; BA11, BA47), to investigate biological pathways potentially affected by SST. Genes selected were overlaid onto the global molecular network of ingenuity pathway analysis (IPA) (Ingenuity® Systems, www.ingenuity.com), a database of over 3.5 million literature-based links between genes and other bioactive molecules. IPA © creates networks based on literature-based evidence for functional links between genes.
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GABA-signaling-related gene network
Genes related to GABA-signaling (e.g., GABA receptor subunits, markers of GABA neurons) were selected to build a weighted gene co-expression network. Two genes or transcripts are considered co-expressed if their patterns of expression are correlated across samples; this link has been shown to reflect shared function, through multiple potential biological pathways, including common regulatory pathways (e.g., hormone signaling, transcription factors) (25). Here, we only considered expression data from BA11.
Pearson correlation values were calculated between individual GABA-signaling-related gene and every other GABA-signalingrelated gene to create a co-expression table.
Pearson correlation values greater than 0.5 were then used to create a weighted gene co-expression network that was visualized in Cytoscape (2.8.3).
Trans-eQTL
We focused on genetic variation on the X-chromosome to identify single nucleotide polymorphisms (SNPs) associated with expression of SST and GABA-synthesizing enzymes glutamate decarboxylase 67 (GAD67 ) and GAD65; since these genes are not on the X-chromosome, this is considered trans-expression quantitative trait loci mapping. We used samples from white subjects here (N = 170; 136 males, 34 females; males and females analyzed separately). Detailed methods for trans-eQTL mapping are included in Appendix.
Cis-eQTL (association of X-chromosome SNPs with nearby genes)
We then performed cis-eQTL analyses to identify SNPs that are associated with expression of nearby genes (within 50 kb of genes). The same samples were used here as for the trans-eQTL studies (N = 170 white subjects; 136 males and 34 females). SNPs were selected for this analysis only if they were previously identified as having significant association with SST, GAD67, and/or GAD65. In the ANCOVA model, we adjusted for age, brain pH, and RNA integrity (RIN values), as these three covariates significantly influenced gene expression in both BA11 and BA47, and detected whether the identified SNPs altered expression of any nearby transcripts (performed in males and females separately). We did not control for multiple testing, as we had a priori hypotheses that these SNPs would alter gene expression. Statistical significance was set at p < 0.05. 
MICE
EXPERIMENTAL DESIGN FOR MOUSE STUDIES
Refer to Figure 1 . Numbers of mice per group are in Table 3 (N = 50-60 mice/main factor). FCG mice were un-manipulated until gonadectomized (GDX) at 15 weeks. Half the mice from each genotype were implanted with testosterone-filled capsules and half with blank capsules (to investigate activational effects of circulating testosterone); cages of group-housed mice were randomly assigned to receive either blank or testosterone-filled capsules so as to create similar numbers of blank and testosterone-treated mice for each genotype. After allowing 3 weeks for hormone levels to equilibrate, mice were tested in the elevated plus maze (EPM) and open field (OF) to investigate baseline anxiety-like behaviors. All mice were then exposed to 7 weeks of unpredictable chronic mild stress (UCMS), a paradigm that robustly increases anxious/depressive-like behaviors, thus presenting homologous features to human depressive-like symptoms (27). During UCMS weeks 5-7, animals were exposed to the EPM and OF to investigate stress-induced anxiety-like behaviors, and sucrose preference for anhedonia-/depressive-like behavior. During all behavior testing, experimenters were blind to genotype and hormone-treatment groups. A longitudinal study (i.e., baseline behavior followed by UCMS exposure followed by post-UCMS behavior) was employed due to experimental constraints on the number of animals that can be used in a UCMS/behavior study, since the focus of the experimental contrasts were on group differences under baseline and high emotionality states. The EPM, OF, and sucrose preference tests were selected to examine anxiety-and depressive-like behavior in mice. The pharmacological validation of these tests using known antidepressant and anxiolytic compounds has been extensively characterized [reviewed in (28-30)]. Mice were sacrificed and brains used for real-time quantitative PCR analysis of Sst, Gad67, and Gad65 gene expression.
GONADECTOMY AND HORMONE-TREATMENT
Under isoflurane anesthesia, 15-week-old mice were bilaterally GDX to remove endogenous, gonadal sources of hormones. GDX animals received a subcutaneous SILASTIC (Dow Corning Corp., Midland, MI, USA) capsule containing 5 mm crystalline testosterone (1.57 mm ID × 2.41 mm OD), while the other half received blank capsules (N = 12-20 mice/group; N = 50-63/main effect). This size testosterone capsule yields circulating testosterone levels at or slightly above normal male levels. At the time of sacrifice, we collected trunk blood for testosterone assay to confirm the efficacy of our adult hormone manipulation. Serum samples were sent to the University of Virginia Center for Research in Reproduction Ligand Assay and Analysis Core (supported by the Eunice Kennedy Shriver NICHD/HIH (SCCPIR) Grant U54-HD28934) and RIA was used to determine testosterone concentration. Groups treated with testosterone capsules did not differ in serum testosterone levels (p > 0.4).
UNPREDICTABLE CHRONIC MILD STRESS
UCMS replicates the role of stress in eliciting MDD, models several MDD symptom dimensions, and respects the timeframe of onset FIGURE 1 | Experimental design and sex-related factors. FCG mice were gonadectomized (GDX) at approximately 15 weeks old and implanted with either testosterone (T)-filled or blank capsules. After allowing 3 weeks for animals to recover from surgery, all mice were exposed to behavioral tests to assess baseline ("non-stress") anxiety-like behavior and activity. Mice were then exposed to 7 weeks of unpredictable chronic mild stress (UCMS). During weeks 6 and 7 of UCMS, mice were exposed to behavioral tests to assess chronic stress-induced anxiety-like and anhedonia-/depressive-like behavior and activity. Sex-related factors are shown at the bottom to indicate windows of time in which genetic sex, gonadal sex, and/or circulating hormones can act. and efficacy of antidepressant treatment (29). Briefly, the UCMS protocol consisted of a 7-week period during which group-housed mice were exposed to a randomized schedule of environmental disturbances approximately 1-2 times per day, 7 days a week, as applied in our lab (29, 31, 32). Disturbances included forced bath (∼2 cm of water for 15 min), aversive smell (1 h exposure to bobcat urine), light cycle reversal or disruption, social stress (rotate mice into previously occupied cages), tilted cage (45°tilt), mild restraint (50 ml conical tube with air hole for 15 min), bedding change (replace soiled bedding with clean bedding), wet bedding, and no bedding. Weekly assessment of weight and fur were performed to track progression of the UCMS syndrome [as in (29)].
BEHAVIORAL TESTING
Elevated plus maze
Behavior in the EPM was measured during the light phase as previously described ( 
Open field
The OF test was performed during the light phase in a 50.8 cm × 50.8 cm arena, and the center of the OF was defined as the centermost 25.4 cm × 25.4 cm of the arena. ANY-Maze software (Stoelting; Wood Dale, IL, USA) was used to track behavior that was recorded using a ceiling-mounted video camera. The time spent and percent distance (distance in center divided by total distance × 100) in the center of the arena were recorded for 10 min as measures of anxiety-like behavior. The total distance traveled was recorded as an index of locomotor activity.
Sucrose preference
During training for sucrose preference, group-housed mice have free access to both water and a 2% sucrose solution for 48 h to reduce neophobia. After the initial 24 h of training, the orientation of the sucrose and water bottles is switched so that the mice do not learn to associate the sucrose with a particular location relative to the water filled bottle. Following training, mice were single-housed in a new cage for 16 h (during the dark phase) and given free access to both water and 2% sucrose; amount water and amount sucrose were recorded. Sucrose intake as a percentage of total volume of fluid consumed denotes sucrose preference. Due to experimental constraints, only half the mice from each group (n = 60 total) were exposed to the sucrose preference test.
FRONTAL CORTEX DISSECTION GENE EXPRESSION ANALYSIS
Brains from the mice used in behavioral analysis were flash frozen on dry ice at the time of sacrifice (after 7 weeks UCMS and while still being exposed to stressors) and stored at −80°C. One-hundred and sixty micrometer thick rostro-caudal sections were obtained using a cryostat and a 1 mm bore tissue punch was used to isolate the frontal cortex [cingulate cortex and prelimbic cortex; between Bregma +2.34 and +0.50 mm; (34)]. cDNAs were generated from RNA extracted from frontal cortex tissue punches. Using qPCR we examined the expression of three genes associated with cortical GABA microcircuitry: two genes coding for GABA-synthesizing enzymes (Gad67, Gad65), and Sst, a marker of dendritic-targeting GABA neurons. Detailed information on qPCR methods is included in Appendix.
STATISTICAL ANALYSIS
As previously described for FCG mice (35), we used three-way ANOVA (gonadal sex-by-adult testosterone-treatment-by-genetic sex) to compare groups for each dependent measure (behavioral, gene expression). The genetic sex effects were examined by comparing XX to XY − mice. Gonadal sex effects were analyzed by comparing mice with ovaries (XX, XY − ) to those with testes (XXSry, XY − Sry); since all mice were GDX several weeks prior to behavioral testing, any differences observed due to gonads are considered to be organizational effects (permanent changes due to hormone exposure during a critical developmental period). To examine effects of adult testosterone exposure, we compared mice GDX in adulthood and implanted with testosterone-filled capsules to those GDX and implanted with blank capsules; these are considered to be activational effects of testosterone. If the three-way ANOVA was significant for any main effect or interaction, we performed planned contrasts using Tukey's post hoc test. Data are expressed as mean ± SEM and statistical significance was set at p < 0.05, and trend-level at p < 0.1.
RESULTS
SEX-SPECIFIC REDUCTION OF SST IN MAJOR DEPRESSION
We first systematically investigated prior reports suggesting a greater down-regulation of SST in female MDD (21). Using metaanalysis of eight human postmortem microarray studies across corticolimbic brain regions (DLPFC, ACC, AMY; Table 1 ) [see (36, 37)], we confirmed that SST was decreased in subjects with MDD compared to controls; however when males and females were considered separately, the SST reduction was significant in females, but not males. Using meta-regression, we confirmed that the low SST findings in female MDD was significantly different from results in male MDD (Figure 2 ), together demonstrating a sexual dimorphism in reduced SST in MDD. We confirmed these results with meta-analysis of SST qPCR results from multiple studies, across multiple brain regions. In the DLPFC ( Figure 3A) , SST is significantly down-regulated in males and females separately, as well as when males and females are combined. In the sgACC ( Figure 3B ) SST is significantly down-regulated in males and females separately, as well as when males and females are combined. In the amygdala (Figure 3C) , SST is significantly down-regulated in females, but not males. When qPCR results are combined by meta-analysis across areas (Figure 3D) , the SST down-regulation is more robust in females (−33%) than in males (−19%).
SST -BASED GENE NETWORK ANALYSIS IN HUMAN FRONTAL CORTEX
To assess the biological context of SST, we next aimed to identify genes co-expressed with SST. In a large cohort of 214 control subjects ( Table 2) , we identified the top 200 genes positively correlated with SST ( Table 4) . Pathway analysis identified GABA receptor signaling and mitochondrial dysfunction as the top canonical pathways represented (Table 5) . Notably, this SST -co-regulated gene selection included GAD67 and GAD65. To further assess the specificity of these links, we built a weighted gene co-expression network restricted to GABA-signaling genes (e.g., receptor subunits, GABA neuron markers), which confirmed the tight coregulation between SST, GAD67, and GAD65, as illustrated by their close proximity in the network graph (Figure 4) , demonstrating that they form a tightly linked biological module, and suggesting common upstream regulating factors. Based on these results and on evidence of down-regulation in MDD (20), all further analyses focused on these three genes.
ASSOCIATION OF SST, GAD67, AND GAD65 EXPRESSION WITH X-CHROMOSOME GENETIC VARIANTS IN HUMANS
To test the hypothesis of X-chromosome genetic contribution to SST, GAD67, and GAD65 gene expression, we performed an eQTL study in the same postmortem dataset. Since SST, GAD67, and GAD65 are not located on the X-chromosome, the assumption for an X-chromosome contribution to the expression of those genes is through trans-regulation by X-chromosome-encoded factors (trans-eQTL). After Benjamini Hochberg correction for X-chromosome SNPs (38), 165 X-chromosome SNPs remained significantly associated with expression of SST, GAD67, and/or GAD65 ( Table 6) , identifying 44 X-chromosome transcripts ( Table 7) . Fifty-nine of these SNPs appeared functional as demonstrated by significant associations with altered expression of these X-transcripts (cis-eQTL; indicated in bold in Table 7 ). In contrast, two genes chosen for no co-expression with SST (KDM5C and C2orf49) displayed no significant X-chromosome SNPs. Of the 27 Y-chromosome SNPs genotyped, none were associated with gene expression of SST, GAD67, or GAD65. Together, these results "link" SST, GAD67, and GAD65 to X-chromosome factors, supporting our central hypothesis of sex chromosome mediated control of GABA-related genes and associated affect regulation. The number of identified SNPs and sexually dimorphic trans-eQTL results (Table 6 ) suggest that gonadal hormones may play an intermediary role; in other words, our results suggest that gonadal hormones (which are different between males and females) could override or modulate gene expression that is regulated by X-chromosome SNPs.
XY GENETIC SEX DECREASES GABA-RELATED GENE EXPRESSION
Refer to Table A1 in Appendix for summary of statistical results.
Since it is impossible to separate the role of genetic sex from gonadal sex in humans, as gonadal sex is determined by genetic sex, the X-chromosome trans-eQTL results could reflect indirect hormonal effects. We tested this hypothesis using the FCG mouse model, in which genetic and gonadal sex are artificially decoupled. In this model, the testes-determining gene, Sry, was removed from the Y-chromosome and placed on an autosome, hence yielding XX mice with either ovaries or testes, and XY mice with either ovaries or testes (39). We assessed gene expression in the frontal cortex, as this region includes the homolog of the ACC in humans, a corticolimbic region affected in MDD (20, 21). Main factor analyses revealed a significant effect of genetic sex, with reduced expression of Sst, Gad67, and Gad65 in XY compared to XX mice, regardless of gonadal sex or adult testosterone exposure (Figures 5A-C) . No gonadal sex or testosterone-treatment effects, or interactions between any main factors were observed on expression levels; thus, we represent the results as main factors (Figures 5A-C) . Differences in earlier circulating testosterone levels in XX and XY mice (i.e., before gonadectomy) were unlikely to explain the differences, as prior studies report no peripubertal hormone differences (40) or adult testosterone level differences in FCG mice (41, 42). These results confirm in mice the contribution of genetic sex to Sst, Gad67, and Gad65 expression suggested by the human studies. However, the lower expressions in genetic male mice were surprising since our human findings indicated low SST in women with MDD, suggesting that the effect of male genetic sex may be opposed by other factors in "intact" human males, potentially testosterone, since prior studies suggest that it can lower anxiety (43).
ANXIETY-LIKE BEHAVIORS ARE INCREASED BY XY GENETIC SEX AND DECREASED BY CIRCULATING TESTOSTERONE IN MICE
Refer to Table A2 in Appendix for summary of statistical results. To investigate whether testosterone could play a compensatory role to lower anxiety in males, we analyzed anxiety-/depressivelike behavior in FCG mice under baseline "non-stress" conditions and after exposure to UCMS. UCMS is a behavioral paradigm that robustly increases behavioral emotionality, thus presenting some homologous features associated with human depression (although not "modeling" this complex human disorder, but providing critical information about response to chronic stress) (27). There were no significant interactions of main factors in the EPM or OF, and results are displayed as main effects (Figures 6 and 7) . These measures were controlled for locomotor activity, which independently displayed effects of sex-related factors (see below; Figure 8 ).
Genetic sex
Contrary to our prediction, but consistent with reduced expression of Sst, Gad67, and Gad65 (Figure 5) , XY mice, regardless of gonadal sex or adult testosterone exposure, consistently exhibited higher anxiety-like behaviors than XX mice. In the EPM at baseline, XY mice spent significantly less time ( Figure 6A left) 
Adult testosterone-treatment
As predicted, mice exposed to the activational effects of testosterone in adulthood (similar to levels of a normal male) exhibited lower adult anxiety-like behavior, regardless of genetic sex or gonadal sex. At baseline, mice treated with testosterone had trend-level elevated percent distance in the center of the OF (Figure 6B right) . The activational effects of testosterone were more robust after UCMS. Testosterone-treated mice spent more time ( Figure 7A left) and had higher percent crosses into the open arms of the EPM (Figure 7A right) , and spent more time in the center of the OF (Figure 7B left) . There was no main effect of circulating testosterone on percent sucrose consumed in the sucrose preference test (Figure 7C left) .
Gonadal sex
Gonadal sex had inconsistent effects on anxiety-like behavior: mice with testes (and therefore testosterone) during development (gonadal males) exhibited a trend for more time in the open arms of the EPM at baseline ( Figure 6A left; lower anxiety-like behavior). After UCMS, gonadal males showed a trend for less time and percent distance in the center of the OF (Figure 7B ; higher anxiety-like behavior) than gonadal females. While gonadal sex had minimal effects on anxiety-like behavior, it was the only main factor influencing anhedonia-/depressive-like behavior, as gonadal males exhibited increased sucrose preference (Figure 7C left) . In line with the well-established concept that organizational effects during development create differences in how the adult brain responds to hormones (39), www.frontiersin.org testosterone decreased anhedonia-/depressive-like behavior in the sucrose preference test in gonadal males (Figure 7C right) ; this result is consistent with the frequent observation that gonadal males and females respond differently to adult hormone manipulations [e.g., (9, 44)], indicating that hormonetreatments that influence mood in men could affect women differently.
LOCOMOTOR ACTIVITY IS DECREASED BY XY GENETIC SEX AND INCREASED BY CIRCULATING TESTOSTERONE
Refer to Table A3 in Appendix for summary of statistical results. There were no significant interactions of main factors in the EPM or OF, and results are displayed as main effects (Figure 8 ).
Genetic sex
XY mice exhibited lower baseline activity than XX mice, as indicated by fewer total crosses the EPM ( Figure 8A ) and less total distance traveled in the OF (Figure 8B) . After chronic stress, XY mice had fewer total crosses in the EPM (Figure 8C ), consistent with reduced activity.
Adult testosterone-treatment
Testosterone-treatment in adulthood resulted in increased baseline activity, with testosterone-treated mice having more crosses in the EPM ( Figure 8A ) and more total distance traveled in the OF ( Figure 8B ). Testosterone-treated mice also had higher activity after UCMS, with greater total EPM crosses ( Figure 8C ) and more total distance traveled in the OF (Figure 8D ).
Gonadal sex
Gonadal sex had a slight effect on activity, as gonadal males exhibited lower OF total distance after UCMS than gonadal females ( Figure 8D ). , GABA A receptor subunits (alpha 1 (GABRA1), alpha 2 (GABRA2), alpha 5 (GABRA5), and GABA-related genes [GAD67, GAD65, GABA transporter 1 (GAT1)]. Nearness of nodes is proportional to co-expression strength. Along with SST, GAD67, and GAD65, genes in the core module include CALB1, which is often co-localized with SST, and GABRA5, which is postsynaptic to SST-positive GABA neurons. 
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DISCUSSION
Using gene array meta-analysis, we identified a sex-specific effect on decreased expression of SST in the postmortem brain of MDD patients, with depressed women exhibiting more robust reduction in SST gene expression (Figures 2 and 3) . We then used a gene network approach to investigate genes co-expressed with SST, and identified GABA receptor signaling as a top pathway represented by SST -co-expressed genes. Based on the tight co-expression between SST, GAD67, and GAD65 (Figure 4) , and on evidence for changes in expression in MDD (20), we focused our investigations on those three genes in subsequent analyses. We performed an eQTL study in human postmortem brains to investigate potential mechanisms underlying the female-specific decrease in GABA-related gene expression in MDD, and found multiple SNPs on the Xchromosome significantly associated with SST, GAD67, and/or GAD65 expression differences. Using the FCG mice to dissect the respective contributions of sex-related factors, we then show that genetic sex (i.e., X/Y-chromosome factors), independent of gonadal sex or circulating testosterorone, influences expression of these same genes in pro-anxiety/depression directions (lower expression in XY) (Figure 5) , suggesting a mouse/human conserved mechanism of SST, GAD67, and GAD65 trans-regulation by X/Y-encoded genes. Notably, XY mice also demonstrated elevated anxiety-like behaviors (Figures 6 and 7) . Treating mice with adult circulating testosterone levels similar to a normal male had the expected opposite effect of lowering anxiety-like behaviors, but had surprisingly no-effect on GABA-related gene expression. Thus, male genetic sex increased anxiety-like behaviors, while treatment with male-like levels of testosterone decreased anxiety-like behaviors.
SEXUAL DIMORPHISM IN LOW SST IN MDD
Previous studies showed decreased SST expression in MDD (16, (20) (21) (22) , with potential greater effects in women with depression (21). Using a meta-analysis and meta-regression for sex effect, we confirmed that SST reduction is significantly more robust in female MDD (Figures 2 and 3) , mirroring the increased female vulnerability to MDD. SST -positive GABA interneurons preferentially target the dendritic compartment of pyramidal neurons and contribute to sensory integration and fine-tuning of incoming information onto pyramidal cells. Combined with results indicating that genetic sex affects SST, GAD67, and GAD65 gene expression, these findings suggest that genetic sex is a moderating biological factor influencing the function of a GABA-related module. Reduced SST may be a marker of reduced GABA-mediated dendritic inhibition, the end result being increased activation of targeted pyramidal cells. As a hub in the corticolimbic network of affect regulation, the sgACC consistently shows elevated metabolic activity with the induction of depressive state (45, 46), with metabolic activity returning to normal following antidepressant treatment (46) or deep brain stimulation (47). It should be noted that elevated sgACC activation is not limited to mood disorders, nor is the sgACC the only region exhibiting altered activation in mood disorders; however, this elevated activation and normalization after different modalities of treatment has been consistently shown across many studies [reviewed in (48)].
www.frontiersin.org Interestingly, evidence suggests that some features of sgACC dysfunction in MDD are sexually dimorphic (49) . Hence, reduced GABA-mediated inhibition onto pyramidal dendrites may underlie the increased sgACC activation reported in MDD patients (45) and restoring dendritic inhibitory function may reduce pyramidal cell activation and contribute to reduced sgACC activation with positive treatment response (46, 47). Whether such approaches may be more effective in female subjects with MDD is not known.
We recently showed that expression of Sst, Gad67, and Gad65 is dependent upon brain-derived neurotrophic factor (BDNF) signaling (16, 20) , and reports also indicate sexually dimorphic effects of reduced BDNF signaling on anxiety-/depressive-like behaviors (50) (51) (52) . Combined with evidence that GABA-signaling influences emotionality (18) , it is possible that the sexually dimorphic effect of BDNF signaling on anxiety-depressive-like behavior could be mediated through effects on GABA-related gene expression.
SST GENE NETWORK
Pathway analysis of the top SST -co-expressed genes confirmed its contribution to GABA-signaling and also identified mitochondrial function as the top associated pathway. Of note, we reported sex differences in expression of genes related to mitochondrial function in the amygdala of mice and humans (53) . Thus, sexdependent differences in mitochondrial function may represent a potential mediating factor in the male/female differential effects of MDD in SST cells. Interestingly, we recently found that GAD67 and GAD65 are reduced in the sgACC of male patients with MDD, but not female patients (20). Combined with our present results indicating a role for XY genetic sex in decreasing Gad65/67 in a homologous brain region in the mouse, these results imply that males may be more likely to have reduced expression of GAD65/67 in the ACC due to genetic sex effects. Interestingly, GAD65/67 and GABA-related changes were prominent the amygdala of females with MDD (16) and not changed in the amygdala of males with MDD (54), demonstrating both sex-and brain region-specific contributions to GABA-related MDD pathology.
ASSOCIATION OF X-CHROMOSOME POLYMORPHISMS AND EXPRESSION OF GABA-RELATED GENES
Since SST, GAD67, and GAD65 are not located on Xchromosomes, the trans-eQTL results showing association of these genes with X-chromosome SNPs suggest that the X-chromosome may contain genes that function as upstream regulators of GABA gene expression. The large numbers of SNPs with significant trans-eQTL suggest that these indirect pathways may be complex and include multiple genes and factors. Interestingly, one of the associated X-chromosome genes was FRMPD4, a positive regulator of dendritic spine density and morphology, suggesting that FRMPD4 may influence expression of GABA-related genes through shared downstream biological function related to neuronal signaling. Another identified X-chromosome gene was USP9X, a gene that escapes X-inactivation that has been linked to synaptic development (55) . Usp9x expression was also reported to be higher in genetic female mice compared to genetic males, regardless of hormone-treatment (56) . Of note, the SNPs that identified FRMPD4 and USP9X were associated with expression of these genes (cis-eQTL) only in females, suggesting that genetic variation at these SNPs affect females only, potentially through sex-specific variations in transcription factor complexes. Alternatively, gonadal hormones could play an intermediary role, either masking or enhancing genetic sex mediated effects. In contrast to these X-chromosome indirect effects, circulating testosterone was not associated with Sst, Gad67, or Gad65 expression in FCG mice. Hence our results support a contribution of genetic sex to sexual dimorphism in affect dysregulation in human subjects, potentially mediated by X-chromosome trans-regulation of key GABA-related genes.
GENETIC SEX AS A CONTRIBUTING FACTOR
The origin of the effect of genetic sex on GABA-related gene expression and associated anxiety-like behavior is currently not www.frontiersin.org known. Sex chromosomes differ between males and females in the presence or absence of a Y and the dosage of X-chromosomes. A role for Y-chromosome genes (other than Sry) would be consistent with reported effects of the Y-chromosome on male reproduction (57). Due to random X-inactivation, female tissues are mosaics, with about half of cells expressing an active maternal X and the other half expressing an active paternal X. Thus, if a maternally imprinted X causes increases in gene expression, XX individuals would have overall lower expression due to the presence of the paternal imprint in half of the cells. Also, a number of genes escape X-inactivation (∼15% in humans and ∼3% in mice, depending on tissue; (58)), and evidence suggests that "X-escapees" in females could contribute to sexual dimorphism. For instance, X-chromosome number causes sex differences in dorsal striatal gene expression (59) and male sex behavior (60) in mice. Mice that are haploinsufficient for genes escaping Xinactivation (i.e., XO mice) have higher levels of fear reactivity compared to XX mice (61) . In women with fragile X or Turner Syndrome (XO), X-haploinsufficiency is associated with elevated arousal under stressful situations (62) . These results from mice and humans with X-haploinsufficiency mirror our finding of elevated anxiety-like behavior in XY FCG mice, suggesting that differences in X-dosage between genetic male and female mice may contribute to the genetic sex effect on behavioral emotionality reported here. Follow-up studies in XO and XXY mice may determine if observed genetic sex effects on anxiety-like behavior and gene expression are due to X-or Y-linked genes.
OPPOSING EFFECTS OF XY GENETIC SEX AND CIRCULATING TESTOSTERONE ON ANXIETY
Although reported for the first time for anxiety-like behavior, one conventional interpretation in the field of sexual dimorphism is that male genetic sex exerts a compensatory effect to reduce behavioral differences otherwise induced by circulating testosterone (63) . Importantly, other studies using FCG mice have reported opposing actions of male genetic sex and male circulating hormones. For instance, circulating testosterone has an inhibitory effect, and XY genetic sex has a stimulatory effect on immune response (42). Similarly, circulating testosterone increased, and XY genetic sex decreased the expression of male sex behavior (60) . Thus, the pattern of results we report for anxiety-like behaviors supports a general hypothesis for a compensatory mechanism between male genetic sex and testosterone, serving to decrease differences between males and females (63). Since normal "intact" male mice exhibit lower emotionality than females (64) and since we observed a more robust effect of treatment with male-like levels of testosterone on lowering anxiety-like behaviors compared to the anxiogenic contribution of genetic sex (Figure 7) , circulating testosterone seems to "win out" in a normal, intact male; the end result being males displaying lower anxiety-like behavior. XY genetic male sex also had decreased locomotor activity (Figure 8 ), while circulating testosterone had a similar pattern of opposing this effect. Note that despite controlling the measures of anxiety-like behaviors for locomotor activity, opposite patterns are frequently observed and often difficult to dissociate in rodents
Frontiers in Psychiatry | Molecular Psychiatry (32). QTL mapping studies have identified chromosomal regions associated with both anxiety-like behavior and locomotor activity (65) , suggesting epistatic regulation of emotionality and activity downstream from common genes.
LIMITATIONS
Our gene co-expression and eQTL studies were performed in a large cohort of control subjects due to the limited number of postmortem MDD subjects available for genetic analysis. Since we had an a priori hypothesis for sexual dimorphism, we performed eQTL analysis only for the X and Y-chromosomes; future unbiased genome-wide studies may yield additional findings. FCG mice provide a practical tool for parsing relative contributions of genetic sex, gonadal sex, and circulating hormones to sexual dimorphism, although there are limitations to this model: first, XY − mice are not identical to wild-type XY mice, but XY − Sry male mice are fertile and display no differences from wild-types in testosterone levels, and serve as the closest equivalent to "normal" males (40-42). Second, since Sry is also expressed in the adult mouse brain (66) , it may be impossible to separate indirect (through testes development) and direct (through brain gene expression) effects of Sry. Thus, differences between mice with and without Sry could be due to direct Sry effects. Additionally, gene expression could be disrupted after autosomal Sry transgene insertion; although no correlation was observed between Sry and gene expression. Third, since mice are GDX in adulthood, this experimental design does not include normal, intact mice.
Finally, genetic and behavioral results in mice may not translate to humans; however we show that female mice are more susceptible to chronic stress-induced high emotionality (64) , suggesting the approach is appropriate to investigate biological mechanisms underlying sexual dimorphism in vulnerability to mood disorders.
SUMMARY
In conclusion, these studies provide evidence for more robust down-regulation of SST in women compared to men with MDD, and suggest a link between X-chromosomes and sexual dimorphism in mood disorders. This link is supported by studies in FCG mice demonstrating a role for genetic sex in control of Sst, Gad67, and Gad65 expression, with concomitant effects on behavioral emotionality. Together, these results support genetic sex as a contributing factor influencing an MDD-related biological module related to GABA function and mood-related behaviors. Notably, since related SST /GABA changes are observed in other psychiatric and neurodegenerative disorders, this novel finding may have broader implications for general risk for adult psychopathology that is linked to genetic sex and GABA function. 
G ij : gene expression of gene i of subject j γ i : effect of the selected genotype to gene i based on additive model X j : genotype of subject i,0 (homozygous major alleles), 1 (heterozygous calls), and 2 (homozygous minor alleles). β ik : the effect of covariates k; k = 1 (age), 2 (pH), and 3 (RIN) in gene i S jk : the value of covariate k of subject j; k = 1 (age), 2 (pH), and 3 (RIN)
We used the "Matrix eQTL" R package, a recent computationally efficient package for eQTL analysis (67) , to detect the desired trans-eQTLs.
We applied a meta-analysis method called adaptive weighted (AW) Fisher's method to combine the p-values of eQTLs from two brain regions (BA11 and BA47), since the correlation between the expression of BA11 and BA47 are high (68) . The AW Fisher's method assigns different weights (0 or 1) to each eQTL finding from two brain regions; the testing statistics χ 2 AW = − 2 k=1 W k · log(P k ) , w k = 0 or 1, and it searches through all possible weights to achieve the best adaptive weight with the smallest p-value. In order to avoid heterogeneity of eQTL finding across brain regions, we selected only eQTLs that were identified in both brain regions in the AW Fisher's method. The Benjamini Hochberg procedure was used to control false discovery rate (FDR) of multiple eQTLs (38). By setting q value 0.05, we detected 87, 30, and 91 trans-eQTLs of genes SST, GAD67, and GAD65 in female subjects, respectively; For male subjects, 0, 3, and 20 trans-eQTLs were detected from genes SST, GAD67, and GAD65, respectively.
Linkage disequilibrium mapping of significant X-chromosome SNPs. Linkage disequilibrium (LD) is the correlation between genotypes at different loci in a population. We can use D to quantify LD, which measures how far off genotype frequencies are from the expectation under no LD. For example, suppose two alleles are A 1 The "Haploview" software was used for visualization of D (69) .
Real-time quantitative PCR
Total RNA was extracted from tissue punches using the Allprep® DNA/RNA Micro Kit (Qiagen, Valencia, CA, USA) and assessed using chromatography (Agilent Bioanalyzer; Santa Clara, CA, USA). RIN was 8.35 ± 0.04 (mean ± SEM), indicating excellent RNA quality. One-hundred nanograms of total RNA was reverse transcribed into cDNA using QScript cDNA Supermix [oligo(dT) and random primers (Quanta Biosciences, Gaithersburg, MD, USA)]. Small PCR products (70-100 base pairs) were amplified on a Mastercycler® ep Realplex 2 qPCR machine (Eppendorf, Hamburg, Germany), using universal PCR conditions [65-59°C touch-down and 40 cycles (10 s at 95°C, 10 s at 59°C, and 10 s at 72°C)]. cDNA was amplified in 15 µl reactions [0.1X SYBR-green, 3 mM MgCl2, 200 nM dNTPs, 200 nM primers, 0.25 unit Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA)]. Primer-dimers were assessed by amplifying primers without cDNA. Primers were retained if they produced no primerdimers or non-specific signal only after 35 cycles. Samples were run in quadruplicate and results were calculated as the geometric mean of relative intensities compared to two internal controls (actin and glyceraldehyde-3-phosphate dehydrogenase). Results are expressed as the amount of arbitrary signal (2 −dCT × 10,000).
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